Abstract: The reflection of terahertz wave from a metallic surface with subwavelength periodic structure was investigated experimentally and theoretically. It is shown that the spatial resolution of the reflection image can be increased drastically due to excitation of spoof surface plasmon polaritons. Theoretic analysis as well as experiment comparison with nonmetallic periodic structure verified this phenomenon. Based on this study, a superprecise scale bar is proposed to improve the location and measurement precision of THz imaging, which can improve the precision by one order of magnitude.
Introduction
THz imaging has the merits of non-contact, strong penetration, immunity to hostile environments, and nondestructive detection, so it has been practically applied in the areas of dangerous goods detection, biomedical imaging, aerial material detection [1] - [11] , and so on. The THz time-domain spectrometer (TTDS) is the most popular THz imaging equipment, which can be divided into transmission-type and reflection-type according to the optical path [6] , [7] . Same as other electromagnetic imaging technologies, THz imaging is also limited by the diffraction limit. With a relatively long wavelength, the location and measurement precision of THz imaging is pretty poor, about three orders magnitude longer than visible lights. This is one of the main obstacle of the popularization of THz imaging [6] , [7] . There has been quite a lot of work to study how to use surface plasmon polaritons (SPPs) to improve the resolution of the THz imaging [12] - [17] , but they focus on the near-field transmission-type imaging [9] , [11] , [18] - [22] , where the THz signal has to transmit through the sample, limiting its practical applications. Another limit is that the sample needs to be placed at the near-field region during scanning, and the system is more complex and expensive [6] , [8] , [9] . Reflection-type TTDS is much more widely used, but few work has been reported to improve its spatial resolution.
We propose a SPP-assisted reflection-type TTDS imaging method, which excites surface plasmon polaritons (SPPs) on the object to be imaged. The reflected THz imaging can break the diffraction limit, and realize subwavelength imaging. Periodic concentric ring series of copper were coated on glass to excite SPPs, and subwavelength imaging with 1/10 wavelength spatial Fig. 1 . Schematic of the experiment system. Fig. 2 . The copper film structure proposed to be imaged: a) 3D schematic of the periodic concentric ring structure; b) the microscopic optical image of the practical sample (copper film coated on glass substrate, scale bar is 200 μm); c) side view of the proposed structure. resolution was achieved using typical reflection-type THz time-domain spectrometer. This structure can be a precise location mark, with one order of magnitude precision improvement. Also, the structure can be further modified to be a precise scale bar, whose error can reach 1/10 of the wavelength. Attaching such a scale bar metal thin film onto the object to be imaged, one can perform more precise size measurement while taking the THz images.
Experiment
The experiment system used is a typical commercial THz time-domain spectrometer, which is illustrated in Fig. 1 .
The experiment system is illustrated in Fig. 1 , which consists the following parts: commercial BATOP THz time-domain spectrometer (THz-TDS1008), THz wave emitting and receiving antenna, and mechanical platform. During imaging, the emitting antenna emits THz wave at certain wavelengths, which incidents onto the object surface and gets reflected, and the reflected THz wave is received by the receiving antenna for further signal processing. The mechanical platform shifts the object in X-Y directions step by step so that the THz wave scans the whole surface of the object to obtain the overall picture.
The structure of the proposed object to be imaged is shown in Fig. 2 . The geometric parameters of the sample are as follows: the center circle diameter a is 0.1 mm, the groove pitch p is 0.2 mm, the etching width w is 0.1 mm; and the etching depth d is 1.68 μm. As we can see, the period the structure is generally one order of magnitude smaller than THz wavelengths.
In the experiment, ∼ps pulse was generated for the scan, so it covered a wide frequency range. Unless otherwise stated, we choose the incident frequency of 140 GHz as an example for the imaging plot, which corresponds to 2.143 mm wavelength. The emitting and receiving antenna were placed at the vertical distance of 11.75 mm to the sample surface, with an incident angle of 45°. This setup has clear difference with the near-field transmission-type THz imaging as described in [8] , [9] . The image of the sample surface thus-obtained by the THz time-domain spectrometer is shown in Fig. 3(a) .
In the image shown in Fig. 3(a) , the minimum distinguishable spacing between adjacent points was 0.2 mm, which is also the mechanical scanning step of the equipment (also the minimum available step of the machine). It can be clearly seen that the spacing of the concentric rings can reach 0.2 mm level, or the resolution of the THz image can reach 0.2 mm, which is one order of magnitude smaller than the incident wavelength, 2.143 mm. Thus subwavelength THz imaging was realized in this experiment, with the resolution about 1/10 of the wavelength. This is because the surface plasmon polariton (SPP) was excited on the surface of the copper film sample, so that the imaging resolution is determined by the SPP wavelength, instead of the incident wavelength. In the 2D image shown in Fig. 3(c) , the THz image of the sample looks pretty close to the optical microscope image in Fig. 2. 
Discussion
To clarify the physical meaning of this method, let us reexamine the definition of imaging resolution first, which is the minimum spacing between two adjacent distinguishable points. Without SPP effect, the reflected electric field intensity will not fluctuate much within the wavelength size so that the resolution is limited by the incident wavelength. What the SPP does is to focus the electric field at a characteristic size comparable to the SPP wavelength (can be much shorter than the incident wavelength), so that the received signal is enhanced and the field intensity fluctuation in the SPP wavelength size, instead of in the incident wavelength size, can be distinguishable by the receiver. Thus the imaging resolution is improved from the incident wavelength size to the SPP wavelength size.
Here in our experiment system, another limit is that the minimum spacing of adjacent points cannot be smaller than the mechanical platform scanning step, which is 0.2 mm. But with more precise scanning system, this mechanical step limit can be improved, so the ultimate resolution limit in physics is the SPP wavelength.
Simulation was also performed for the structure using FDTD Solutions. The simulated image at the frequency of 140 GHz is shown in Fig. 3(b) , which matches pretty well with the experimental image shown in Fig. 3(a) , also illustrating a subwavelength resolution about 0.2 mm.
The frequency-dependent dielectric constant of a metal material can be described using the free electron gas model (Drude model) as the following (1), [15] , [22] 
where ω is the angular frequency of the incident electromagnetic wave, and ω c is the damping frequency. ω p = n e e 2 /ε 0 m e is the plasma resonance frequency of metal, where n e is the electron density, e is the electron charge, m is the electron mass, and ε 0 is the vacuum permittivity [23] . Copper can be treated as perfect electric conductor (PEC) in the terahertz frequency range. Thus, only spoof SPPs can be excited at the Cu-air interface, whose frequency-dependent wavenumber is
where ε 0 is the air permittivities, and k 0 = ω/c is the free-space wavenumber of the incident wave [22] , [23] . (2) also shows that there is a momentum mismatch between the incident wave and the SP resonance excited at the interferce of Cu and air. Therefore, it is necessary to introduce the subwavelength periodic structure for momentum matching.
In the periodic concentric-ring structure, the SPW is excited when the incident THz wave-vector and the SPW wave-vector satisfies the following equation [23] :
where k sp is the wave-vector of the excited SPW, k is the incident electromagnetic wave-vector, θ is the angle between the incident electromagnetic wave and the structure normal, p is the period of the grating structure, which is 0.2 mm in our case, and v = (1, 2, 3 . . .). Please refer to Fig. 2(c) for the structure illustration. In this structure, when θ = 0 • , or the incident EM wave is perpendicular to the sample surface, the excited SPW wavelength equals to the structure period, or p = 0.2 mm. When the incident EM wave has 45°angle with the structure normal, or k s p = k sin 45
• ± v g, it can be calculated that at the frequency of 140 GHz (corresponding to the wavelength of 2.142 mm), the excited SPW wavelength is 0.1876 mm (the negative sign should be discarded here because it leads to negative SPW wave-vector). This is the reason why the excited SPW wavelength is one order of magnitude smaller than the incident EM wavelength, and matches well with the minimum spacing of the experimentally measured image.
To further prove that the resolution improvement is due to excitement of SPP, but not other optical effects possibly caused by the periodic concentric-ring design, another sample with exactly same geometric size and structure was prepared, using quartz material instead of copper. The only difference between the two samples is that, unlike copper, quartz does not have free charges, so that SPP cannot be excited in the quartz sample. At the exactly same measurement condition, the THz image of the quartz sample at 140 GHz is shown in Fig. 4(a) . It can be seen that the image does not show the details of the concentric-ring structure of the quartz sample, and its resolution is ∼mm level, matching the diffraction limit. The THz image difference between the quartz and copper samples proves that the high resolution achieved in the copper sample is due to the excited SPP, which leads to subwavelength imaging.
The terahertz reflection spectrum from the copper film with periodic structure was also obtained, as shown in Fig. 5 . It is quite similar with the microwave reflection spectra from a structured-metal surface [24] . As discussed in [24] , the wavy spectrum implies that the spoof SPP modulates the reflected electric field. 
Precise Location Mark and Scale Bar Design for THz Imaging
According to the high-resolution THz imaging method discussed above, the result can be used to fabricate precise location mark for THz imaging. i.e., the structure shown in Fig. 2 can be directly used as the location mark. By attaching such a metal film onto the object to be imaged as location marks, the location precision can be increased to about 1/10 of the incident wavelength, one order of magnitude higher.
Similarly, one can fabricate a metal film with two periodic concentric-ring structures at a known distance, to make a precise scale bar for THz imaging. By attaching such a scale bar onto the surface of the object to be imaged, one can precisely measure the distance between the center of the two concentric ring structures, then use the distance as a precise ruler in the THz image, to obtain length information during THz imaging more easily and precisely. The error of such a scale bar is about 1/10 of the incident EM wavelength, which is one order of magnitude high than a common scale bar.
Following simulation was performed as an example of how to fabricate and use such a scale bar. Two periodic concentric-ring structures, each has the same structure as that shown in Fig. 2 , were placed at a center distance of 8 mm, and other simulation conditions were set as the same as before. The schematic of the simulated copper film structure is illustrated in Fig. 6(a) , and the simulated THz image at 140 GHz is shown in Fig. 6(b) . The simulation results show that using the proposed scale bar, the distance between the centers of the two concentric-rings can be precisely measured to be 8 mm, with the measurement error about 0.2 mm. For comparison, a common scale bar should have a measurement error of ∼2 mm, at the order of the wavelength. Therefore, this scale bar can improve both location and length measurement precision of the THz imaging.
Conclusion
By exciting SPPs in a copper film with periodic concentric-ring structure, subwavelength reflectiontype THz imaging can be achieved using commercial THz time domain spectrometer. Spatial resolution of 0.2 mm was achieved at 140 GHz, which is about 1/10 of the incident wavelength. This idea can be used to fabricate the location mark and/or scale bars for the THz imaging system, to realize more precise localization and length measurement. Using this method, if one uses higher frequency with finer SPP excitation structures, sub-micron precision can be achieved in principle (corresponding to ∼100 THz frequency).
